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Crystalline and magnetic structure–property
relationship in spinel ferrite nanoparticles†
Henrik Lyder Andersen, a Matilde Saura-Múzquiz, a
Cecilia Granados-Miralles, ‡a Emmanuel Canévet,b,c Nina Lockd and
Mogens Christensen *a
Magnetic spinel ferrite MFe2O4 (M = Mn, Co, Ni, Zn) nanoparticles have been prepared via simple, green
and scalable hydrothermal synthesis pathways utilizing sub- and supercritical conditions to attain speciﬁc
product characteristics. The crystal-, magnetic- and micro-structures of the prepared crystallites have
been elucidated through meticulous characterization employing several complementary techniques.
Analysis of energy dispersive X-ray spectroscopy (EDS) and X-ray absorption near edge structure (XANES)
data veriﬁes the desired stoichiometries with divalent M and trivalent Fe ions. Robust structural character-
ization is carried out by simultaneous Rietveld reﬁnement of a constrained structural model to powder
X-ray diﬀraction (PXRD) and high-resolution neutron powder diﬀraction (NPD) data. The structural model-
ing reveals diﬀerent aﬃnities of the 3d transition metal ions for the speciﬁc crystallographic sites in the
nanocrystallites, characterized by the spinel inversion degree, x, [M2+1−xFe
3+
x]
tet[M2+xFe
3+
2−x]
octO4, com-
pared to the well-established bulk structures. The MnFe2O4 and CoFe2O4 nanocrystallites exhibit random
disordered spinel structures (x = 0.643(3) and 0.660(6)), while NiFe2O4 is a completely inverse spinel
(x = 1.00) and ZnFe2O4 is close to a normal spinel (x = 0.166(10)). Furthermore, the size, size distribution
and morphology of the nanoparticles have been assessed by peak proﬁle analysis of the diﬀraction data,
transmission electron microscopy (TEM) and scanning transmission electron microscopy (STEM). The
diﬀerences in nanostructure, spinel inversion and distinct magnetic nature of the M2+ ions directly alter
the magnetic structures of the crystallites at the atomic-scale and consequently the macroscopic
magnetic properties of the materials. The present study serves as an important structural benchmark for
the rapidly expanding ﬁeld of spinel ferrite nanoparticle research.
Introduction
The new and fascinating properties of nanostructured mag-
netic materials have facilitated a wide range of state-of-the-art
applications, e.g. as functionalized medicine carriers for drug
delivery,1,2 logic gates in magnetic quantum dot computing,3,4
components in nanostructured permanent magnets,5,6 and
many more.7 Among the most important and widely used mag-
netic materials are the ferrites.8 They constitute a class of
iron(III) oxide based ceramic magnetic materials, which can be
divided into two subgroups; the hexaferrites and the spinel fer-
rites. The low cost, excellent resistance to corrosion and good
magnetic performance of the ferrites make them the preferred
material in a large number of applications.8 Nanosized spinel
ferrite particles are currently being studied extensively for
novel uses in e.g. hyperthermia cancer treatment,9,10 magnetic
exchange-spring nanocomposites,11,12 MRI contrast
agents,13,14 and magnetically recoverable nanocatalysts.15,16
Recently, very high room temperature magnetic saturations of
116 and 175 Am2 kg−1 have been attained for nanosized and
Zn substituted Ni- and Mn-ferrites, respectively.9,17 These
observations have led to a surge of ferrite nanoparticle studies,
which generally fail to attain comparable values. Therefore, a
meticulous structural study of spinel ferrite nanocrystallites is
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urgently needed, in order to shed light onto the atomic-scale
magnetic and structural features, which govern their macro-
scopic magnetic performance.
The spinel ferrites have the chemical formula MFe2O4,
where M can be a number of diﬀerent divalent transition
metal ions, such as Mn2+, Fe2+, Co2+, Ni2+, Zn2+, etc. The com-
pounds are all soft magnets at room temperature, with the
exception of CoFe2O4, which, in spite of its cubic structure,
exhibits a substantial magnetocrystalline anisotropy resulting
in hard magnetic properties.6 A large number of diﬀerent syn-
thetic pathways for preparation of nanosized spinel ferrite crys-
tallites exist, including sol–gel autocombustion,18 micro-
emulsion techniques,19 thermal decomposition,20 microwave
assisted routes,21 solvothermal synthesis,22 and hydrothermal
synthesis.23 Of the mentioned preparation methods, the hydro-
thermal route has the benefit of being relatively simple, energy
eﬃcient, easily scalable and free from use of organic solvents
or capping agents, i.e. environmentally friendly.24,25 In
addition, as demonstrated by our previous studies, structural
and microstructural characteristics of hydrothermally prepared
ferrite nanoparticles can be tuned by varying reaction para-
meters such as temperature, pressure, precursor concen-
tration, pH, and reaction time.26–30
The spinel ferrites crystallize in the face centered cubic
(fcc) spinel structure, space group Fd3ˉm, illustrated in Fig. 1.
The spinel structure consists of a cubic close-packed oxygen
lattice, in which an eighth of the tetrahedral and half of the
octahedral voids are occupied by the metal ions. This results in
twice the amount of octahedral sites compared to tetrahedral
sites in the structure. In the normal spinel configuration, the
M2+ ions occupy the tetrahedral sites, while the octahedral
sites contain the Fe3+ ions, yielding the empirical formula
[M2+]tet[Fe3+]oct2O4. Inverse spinels, on the other hand, have all
the M2+ ions located at the octahedral sites, forcing half of the
Fe3+ ions to occupy the tetrahedral sites, in order to maintain
the total site occupation of the tetrahedral and octahedral
holes, giving the empirical formula [Fe3+]tet[M2+Fe3+]octO4.
However, the structure can also be partially inverse,
[M2+1−xFe
3+
x]
tet[M2+xFe
3+
2−x]
octO4, with a fraction of the M
2+
ions, x, called the inversion degree, occupying the octahedral
sites.
Magnetically, the spinel ferrites display ferrimagnetic order-
ing with the magnetic moments of the atoms at the tetrahedral
sites aligning antiparallel relative to the magnetic moments of
atoms at the octahedral sites.31 As there is twice the amount of
occupied octahedral as tetrahedral sites, this generally leads to
a net magnetization along the octahedral moment direction.
Consequently, the intrinsic magnetic properties of spinel fer-
rites are directly governed by the type of constituent cations
and their distribution between crystallographic sites in the
structure. Determining the crystal structure and spinel inver-
sion degree of ferrite nanocrystallites is thus essential in order
to understand their macroscopic magnetic behavior. However,
this is not a straightforward task as the scattering powers of
the transition metals are very similar in magnitude, and
although conventional Rietveld analysis of X-ray diﬀraction
data allows refinement of the site occupation fractions, these
parameters are among the least well-behaved in the structural
modeling.32 Matters are even further complicated by peak
broadening caused by the reduced crystallite size and large
background levels due to Fe fluorescence when using Cu radi-
ation, which is the most common radiation source in conven-
tional lab diﬀractometers. In order to determine the crystal
structure of ferrite nanoparticles accurately, it is thus necess-
ary to employ alternative characterization techniques.
In the present study, nanosized spinel ferrite particles with
compositions MnFe2O4, CoFe2O4, NiFe2O4 and ZnFe2O4, have
been synthesized via simple, eco-friendly and scalable hydro-
thermal routes. A thorough structural analysis combining
several complementary characterization techniques, namely
powder X-ray diﬀraction (PXRD), high-resolution neutron
powder diﬀraction (NPD), X-ray absorption near edge structure
(XANES), transmission electron microscopy (TEM), high-
resolution transmission electron microscopy (HR-TEM), scan-
ning transmission electron microscopy (STEM) and energy dis-
persive X-ray spectroscopy (EDS), has been carried out in order
to elucidate the crystal-, magnetic- and micro-structures of the
prepared nanoparticles. The NPD technique is particularly
advantageous as the scattering length of neutrons varies errati-
cally with atomic number, making it possible to obtain signifi-
cantly higher contrast between neighboring elements in the
periodic table than with conventional X-ray diﬀraction. In
addition, neutrons carry a spin moment, which scatters from
the atomic magnetic moments in the material yielding infor-
mation about the magnetic structure. The PXRD and NPD data
have been analyzed by combined Rietveld refinement of a con-
strained structural model, which provides a very robust struc-
tural characterization. In addition, the magnetic structures of
the ferrites have been evaluated by implementation of a mag-
netic structural model in the NPD data refinements. Finally,
the determined structural and microstructural characteristics
Fig. 1 Illustration of the cubic spinel structure (space group Fd3¯m,
origin choice 2). The oxygen positions are marked in red and the tetra-
hedral and octahedral cation sites shown in green and blue, respectively.
Illustration made using the structure visualization software VESTA.33
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are related to experimentally determined macroscopic mag-
netic properties of the samples.
Experimental
Sample preparation
The spinel ferrite nanoparticle samples were all prepared by
co-precipitation of iron and transition-metal hydroxides from
aqueous solutions of metal salts, followed by hydrothermal
treatment at high pressure and temperature. The general syn-
thesis procedure is illustrated in Fig. 2 and an overview of the
employed synthesis conditions is given in Table 1. The distinct
chemical behaviors of the transition-metals necessitated
certain modifications between the synthetic routes of the
diﬀerent samples in order to obtain the desired products,
which are described in detail below.
The CoFe2O4 and NiFe2O4 powders were prepared by a
hydrothermal autoclave (AC) batch method. A 2.0 M aqueous
solution of Fe(NO3)3·9H2O and 1.0 M aqueous solutions
Co(NO3)2·6H2O or Ni(NO3)2·6H2O (all chemicals being Sigma-
Aldrich, ≥98% purity) were mixed in the desired stoichiometric
molar amounts of 2 : 1. Subsequently, an excess amount of
12.0 M NaOH solution was added dropwise to the mixture
under magnetic stirring causing a viscous gel to be formed. In
total, an amount of base corresponding to 2.25 times the
molar amount of NO3
− ions was added to the solution, and a
final metal-ion (Fe and Co/Ni) concentration of 0.86 M in the
precursor was obtained. Subsequently, 70 ml of the precursor
mixture were transferred to a 180 ml Teflon lined steel auto-
clave and placed in a preheated convection oven, set to 200 °C,
and hydrothermally treated for 1 hour.
For the MnFe2O4 sample, a diﬀerent precursor preparation
approach was used, since precipitation of manganese hydrox-
ide using concentrated NaOH forms Mn(OH)3 rather than the
desired Mn(OH)2. Instead, a 0.6 M aqueous solution of
FeCl3·6H2O was prepared and 24.5% NH4OH was added drop-
wise until a pH of 10 was attained, and a viscous Fe(OH)3 gel
had formed. The gel was repeatedly washed with deminera-
lized water, centrifuged at 2000 rpm for 3 minutes and
decanted until the pH of the supernatant was below
8. Subsequently, demineralized H2O was added to the suspen-
sion to obtain a 0.6 M Fe(OH)3 gel. Subsequently, 40 ml of 0.6
M Fe(OH)3 and 20 ml of 0.6 M aqueous MnCl2 solution were
mixed by magnetic stirring followed by dropwise addition of
24.5% NH4OH until a pH of 10 was reached. The ≈70 ml of
precursor with a metal-ion concentration of ≈0.5 M was trans-
ferred to a 180 ml Teflon lined steel autoclave and treated
hydrothermally at 150 °C for 1 hour in a preheated convection
oven. After the syntheses, the autoclaves were removed from
the oven and left to cool at ambient temperature.
Hydrothermal autoclave batch synthesis of ZnFe2O4 under
conditions similar to those described above yields very small
particles (<5 nm). Due to the temperature limitation of
≈250 °C of the Teflon lined steel autoclaves, the ZnFe2O4
sample was instead prepared by a continuous supercritical
hydrothermal flow method. The precursor was made by
mixing 10 ml of 0.67 M Fe(NO3)3·9H2O with 5 ml of 0.67 M
Zn(NO3)2·6H2O followed by dilution of the mixture by addition of
181 ml of demineralized water. Subsequently, 4.4 ml of 12.0 M
NaOH solution, corresponding to 2.0 times the molar amount
of NO3
− ions, was added dropwise leading to formation of a
gel suspension with a final metal ion concentration of 0.05 M.
The final precursor mixture was filled into a 200 ml injector,
which was connected to the T-piece of the continuous hydro-
thermal flow apparatus described by Hald et al.34 The
system was pressurized to 250 bar and the temperature of the
reactor set to 390 °C. The precursor was pumped at a rate of
5.0 ml min−1 and the solvent at 10 ml min−1.
In all cases, the formed aqueous nanoparticle suspensions
were transferred to 500 ml centrifuge bottles, washed with
demineralized water and separated from the supernatant by
centrifuging at 2000 rpm for 3 minutes. This washing routine
was repeated three times with demineralized water before
transferring the samples to a 100 ml glass beaker and drying
them overnight at 60 °C in a vacuum oven. The powders were
then collected and agglomerates were broken in an agate
mortar. Remaining adsorbed water was removed by sub-
sequent drying in vacuum oven at 60 °C.
Characterization
Powder X-ray diﬀraction patterns of the samples at room temp-
erature were collected on a Rigaku SmartLab powder X-ray
Fig. 2 Schematic overview of the general synthetic pathway employed
in the preparation of nanosized MFe2O4 particles.
Table 1 Summary of the employed synthesis conditions. Further details about precursor preparation and synthesis are given in the text
Sample Base type pH Reactor type Temp. (°C) Pressure (bar) Time (min)
MnFe2O4 25% NH4OH 10 AC 150 Autogenous 60
CoFe2O4 12 M NaOH >14 AC 200 Autogenous 60
NiFe2O4 12 M NaOH >14 AC 200 Autogenous 60
ZnFe2O4 12 M NaOH >14 Flow 390 250 —
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diﬀractometer (Rigaku, Japan) using Cu Kα1,2 radiation (λ1 =
1.5406 Å, λ2 = 1.5444 Å). The diﬀractometer was configured
with cross beam optics in Bragg–Brentano geometry and a
DteX/Ultra detector. A diﬀracted beam monochromator was
used in the receiving optics for fluorescence suppression. Data
was collected in a 2θ-range of 15° to 125° at an angular resolu-
tion of 0.02°.
The neutron powder diﬀraction experiments were carried
out at the High-Resolution Powder Diﬀractometer for Thermal
Neutrons (HRPT) instrument at the Swiss Spallation Neutron
Source (SINQ), Paul Scherrer Institute (PSI), Villigen,
Switzerland, at 300 K using a wavelength of 1.4940 Å.35 The
HRPT instrument is based on a linear position-sensitive 3He
detector with 1600 wires at an angular separation of 0.1°. The
detector was moved between two positions to achieve a final
angular resolution of 0.05° over an angular range of 160°.
X-ray absorption spectroscopy experiments were performed
at the XAS beamline, I811, at the MAX-II synchrotron, Lund,
Sweden.36 The X-ray absorption near edge structure data were
measured in transmission mode on the dried powders mixed
with boron nitride, around the constituent metal K-edges; Mn
(6539 eV), Fe (7112 eV), Co (7709 eV), Ni (8333 eV), and Zn
(9659 eV). Data reduction was done using the VIPER software
package.37 The final spectra were obtained by summation of 5
scans of 60 seconds with an energy resolution of 0.076 eV. The
incident X-ray energies of the individual spectra were cali-
brated, based on concurrently measured K-edge absorption
data of a metallic reference foil, prior to summation.
TEM and HR-TEM micrographs were recorded on a FEI
TALOS F200A analytical electron microscope equipped with an
X-FEG electron source and a Ceta 16 M camera. Spatially
resolved elemental analysis was performed employing the
same microscope operating in scanning transmission electron
microscopy mode. STEM pictures were acquired using a high
angle annular dark field (HAADF) detector and energy disper-
sive X-ray spectroscopy elemental maps obtained using a
Super-X EDS detector.
Magnetic hysteresis curves at 300 K were measured on cold
pressed pellets (diameter = 3.0 mm, height in the range
0.67–0.86 mm) using a Quantum Design Physical Property
Measurement System (PPMS) equipped with a Vibrating
Sample Magnetometer (VSM). The field dependent magnetiza-
tion of the samples was measured at room temperature by
scanning the external field between ±20 kOe. The measure-
ments were conducted at a frequency of 40 Hz and an aver-
aging time of 2 seconds.
Structural analysis
The powder diﬀraction patterns were analyzed by Rietveld
refinement using the Fullprof Suite software package.38 A com-
bined simultaneous refinement, of a constrained structural
model of MFe2O4 in the cubic Fd3ˉm space group (Origin
choice 2) to the PXRD and NPD patterns, was carried out. The
atomic site occupation fractions on the tetrahedral, 8a (18,
1
8,
1
8),
and octahedral, 16d (12,
1
2,
1
2), Wyckoﬀ sites were refined in
mutual constrain to avoid unphysical over- or under-popu-
lation of the specific sites while keeping the total stoichio-
metric ratio of 1 : 2 between M2+ and Fe3+ (valences and M2+ to
Fe3+ ratio verified by the XANES and EDS analysis). The atomic
position of oxygen, (u,u,u), at the 32e Wyckoﬀ site was refined
along with the lattice parameter, a, and site-specific isotropic
Debye–Waller factors. For each individual powder diﬀraction
pattern, a scale factor, zero shift and background, described
using a fifth degree Chebyshev polynomial, were refined. For
the NPD data, the contribution from the magnetic scattering
was refined in addition to the crystal structure. For this, a colli-
near model was employed, with antiparallel magnetic moment
components refined as mean values on the tetrahedral and
octahedral sites, respectively. The weight fraction, wt%, of
phase i in the sample was calculated from the refined para-
meters using the formula, wt%i = [SiZiWiVi]/sum( j )[SjZjWjVj],
where S is the refined scale factor, Z is the number of formula
units in the unit cell, W is formula unit mass, and V is the unit
cell volume.
The peak profiles were modeled using the Thompson–Cox–
Hastings formulation of the pseudo-Voigt function.39 The peak
asymmetry and the instrumental contribution to the total peak
broadening in the PXRD and NPD data were determined by
Rietveld refinement of data from a NIST LaB6 660B line profile
standard (PXRD) and a Na2Ca3Al2F14 standard (NPD),
measured with the same instrumental configurations as the
samples. The obtained instrumental resolution function was
implemented in the refinements in order to deconvolute the
sample broadening from the total peak broadening. A
Lorentzian peak shape parameter, Y, related to isotropic size
broadening was refined, assuming spherical strain-free crystal-
lites. The values of Y(PXRD) and Y(NPD) were constrained to
yield identical crystallite sizes taking into account the diﬀer-
ence in wavelengths. The crystallite sizes were calculated by
the Scherrer formula, 〈D〉 = (K·λ)/(β cos(θ)),40 where 〈D〉 is the
mean volume-weighted size of the coherently scattering crystal-
line domains, λ is the wavelength, θ is the Bragg angle, β
describes the peak broadening and K is the shape factor. Here
the peak broadening has been characterized by the full width
at half the maximum intensity and K was set to 0.829 assum-
ing isotropic crystallite morphology.41
Results and discussion
Crystal structure, spinel inversion and crystallite size
MnFe2O4. Fig. 3(A) and (B) show the PXRD and NPD patterns
of the hydrothermally synthesized MnFe2O4 nanocrystallite
sample. The positions and relative intensities of the observed
reflections are all in agreement with the spinel phase indicat-
ing no impurity phases to be present. However, initial refine-
ments of a single nanosized MnFe2O4 phase yielded an un-
satisfactory description of the peak profiles (χ2global = 7.51). A
characteristic underestimation of the peak “tails” at low q and
considerable peak asymmetry at high q indicated the presence
of a broad particle size distribution (see ESI†). Consequently, a
model consisting of two MnFe2O4 phases with diﬀerent crystal-
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lite sizes was implemented, yielding a significantly improved
fit (χ2global = 4.11). The PXRD and NPD diﬀraction patterns and
resulting two-phase refinements are shown in Fig. 3(A and B),
and a summary of the results can be found in Table 2. The
crystal and magnetic structures of the two refined spinel
MnFe2O4 phases, MFO1 and MFO2, were constrained to be
equal while independent lattice parameters and crystallite
sizes were fitted. A sample composition of 46(1)% of 7.4(1) nm
and 54(1)% 18.6(1) nm MnFe2O4 was obtained from the
Rietveld analysis. A mean refined crystallite size of 13.4(3) nm
for the MnFe2O4 sample can be calculated from the refined
weight fractions and crystallite sizes of the two implemented
phases. The refinement of constrained site occupation fractions
yield a spinel inversion degree of 0.643(3) which corresponds to
a practically stoichiometric occupation on both the metal sites
in the structure, i.e. [Mn0.36Fe0.64]
tet[Mn0.64Fe1.36]
octO4. This indi-
cates equivalent room temperature crystal field stabilization
energy of Mn2+ and Fe3+ at the two sites, which results in a
disordered spinel structure. MnFe2O4 is 80% inverse in the
bulk,31 but the inversion degrees in nanosized MnFe2O4 crystal-
lites are known to diﬀer.42,43
In small nanoparticles a larger fraction of the constituent
atoms are located at the surface where defects and variations
in bond lengths due to interface relaxation occur. As a result, a
correlation between crystallite size and lattice parameter is
often observed.26,27 Interestingly, the smaller phase, MFO1,
(DPXRD+NPD = 7.4(1) nm) yields a significantly smaller lattice
parameter of 8.4424(7) Å compared to the larger MFO2
(DPXRD+NPD = 18.6(1) nm), which has a lattice parameter of
8.4895(1) Å. In the literature, a relatively broad range of unit
cell parameters, which encompass both of the obtained
values, are reported for nanosized MnFe2O4 crystallites.
42–45
However, the lattice parameters show no systematic depen-
dency on particle size. The discrepancies could instead arise
due to a combination of the diﬀerence in ionic radii of Mn2+
and Fe3+ and variations in spinel inversion degrees. Mn2+ has
a larger eﬀective ionic radius than Fe3+ both in tetrahedral and
octahedral coordination, but the absolute diﬀerence in ionic
radius is larger for octahedral coordination.46 In theory, this
would mean an eﬀective increase in unit cell volume with
higher inversion degree for MnFe2O4. In the present work, this
could indicate a distribution of spinel inversion degrees with
crystallite size with a more inverse spinel structure in the
smaller crystallites compared to the larger. Alternatively, the
result could signify a variation in the elemental composition
with crystallite size. This could be facilitated by the introduc-
tion of vacancies as observed for the isostructural γ-Fe2O3 and
Fe3O4 compounds.
47 Potentially, the smallest particles form as
defect-rich crystallites, which subsequently grow into larger
crystallites of stoichiometric composition.
CoFe2O4. The NPD pattern of the CoFe2O4 sample and con-
strained Rietveld refined structural fit to the data are shown in
Fig. 4(A) and a summary of the results is given in Table 2. The
pattern shows no indication of impurity phases and all reflec-
Fig. 3 (A) PXRD and (B) NPD patterns of the hydrothermally synthesized
MnFe2O4 nanoparticles and Rietveld ﬁts obtained by combined simul-
taneous reﬁnement of a constrained structural model. The insert in (A)
illustrates the individual contributions of two reﬁned MnFe2O4 phases,
MFO1 and MFO2, with diﬀerent crystallite sizes to the total line proﬁle of
the 〈311〉, 〈222〉 and 〈400〉 reﬂections. In (B), the red line indicates the
magnetic contribution to the ﬁtted model.
Table 2 Selected structural parameters at 300 K extracted by combined Rietveld reﬁnement of PXRD and NPD data of the hydrothermally prepared
nanosized spinel ferrites. The table contains crystalline phase weight percentages, wt%, crystallite sizes, DPXRD+NPD, unit cell parameters, a, reﬁned
oxygen position on the 32e Wyckoﬀ site, u, transition metal to oxygen distances at the tetrahedral, d(M8a–O), and octahedral, d(M16d–O), sites,
inversion degrees, x, and stoichiometric formulas. A more extensive table with additional reﬁned structural parameters may be found in the ESI
Sample
Refined
phases wt% (%)
DPXRD+NPD
(nm) A (Å) u (O32e)
d(M8a–O)
(Å)
d(M16d–O)
(Å) Inv. deg, x Stoichiometric formula
MnFe2O4 MFO1 46(1) 7.4(1) 8.4424(7) 0.2577(1) 1.9513(9) 2.0591(9) 0.643(3) [Mn0.36Fe0.64]
tet[Mn0.64Fe1.36]
octO4
MFO2 54(1) 18.6(1) 8.4895(1)
CoFe2O4 13.4(1) 8.4018(1) 0.2570(1) 1.9211(7) 2.0432(7) 0.660(6) [Co0.34Fe0.66]
tet[Co0.66Fe1.34]
octO4
NiFe2O4 NFO1 41(1) 3.3(1) 8.3657(7) 0.2565(1) 1.9031(9) 2.0351(9) 1.00 [Ni0.00Fe1.00]
tet[Ni1.00Fe1.00]
octO4
NFO2 54(1) 41.4(3) 8.3531(1)
Ni(OH)2 5(1)
ZnFe2O4 9.8(1) 8.4376(3) 0.2584(1) 1.9496(9) 2.0410(9) 0.166(10) [Zn0.83Fe0.17]
tet[Zn0.17Fe1.83]
octO4
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tions can be ascribed to the spinel ferrite structure. A unit cell
length of 8.4018(1) Å is obtained from the combined
PXRD–NPD Rietveld refinement, which is in good agreement
with previously reported values for CoFe2O4 nano-
particles.42,44,48 In the bulk, CoFe2O4 is known to prefer the
inverse spinel structure, however, nanosized grains have been
reported to exhibit mixed spinel structures.42,48 Here, a spinel
inversion degree of 0.660(6) is obtained resulting in the
formula, [Co0.34Fe0.66]
tet[Co0.66Fe1.34]
octO4, which implies an
equivalent aﬃnity of Co2+ and Fe3+ for the two sites and a
random disordered spinel structure. From the peak profile
analysis, a mean crystallite size of 13.4(1) nm is obtained,
which is consistent with our earlier studies of the employed
preparation method.26,30
NiFe2O4. The NPD pattern and refinement of NiFe2O4 are
shown in Fig. 4(B). Careful examination of the PXRD and NPD
patterns measured on the NiFe2O4 sample reveals a hint of
minor additional peaks which could be ascribed to the struc-
ture of Ni(OH)2 in the trigonal P3ˉm1 space group. A very
reliable structural refinement of the main NiFe2O4 phase was
obtained by including the Ni(OH)2 phase in the modelling. An
anisotropic nanoplatelet model was needed in order to
describe the Ni(OH)2 peak profiles. From the refinement the
Ni(OH)2 phase was found to constitute a minor weight frac-
tion, 5(1)%, of the total amount of crystalline material.
Implementation of two NiFe2O4 phases, NFO1 and NFO2, was
necessary in order to obtain a satisfactory fit to the main
spinel phase peak profiles. The crystal and magnetic structures
of the two refined spinel NiFe2O4 phases were constrained in
the same way as for the two-phase MnFe2O4 refinement. A
summary of refined structural parameters is given in Table 2.
A sample composition of 41(1)% NFO1 and 54(1)% NFO2 with
crystallite sizes of 3.3(1) and 41.4(3) nm, respectively, was
obtained, resulting in a mean refined volume-weighted crystal-
lite size of 25.0(5) nm for the NiFe2O4 sample. In the bulk,
NiFe2O4 is an inverse spinel, however, both inverse and mixed
spinel structures have been reported for nanosized
crystallites.42,49–51 In the present study, an initial refinement of
the site occupancies resulted in an unphysical overpopulation
of Ni at the octahedral 16d site indicating a strong aﬃnity for
Ni2+ for octahedral coordination. As a consequence, the spinel
inversion was fixed to 1.00 giving the stoichiometric formula
[Ni0.00Fe1.00]
tet[Ni1.00Fe1.00]
octO4. A slightly larger unit cell
length of 8.3657(7) Å was obtained for the smallest NFO1
phase compared to 8.3531(1) Å for the larger NFO2 phase.
ZnFe2O4. The NPD pattern and refinement of ZnFe2O4 are
shown in Fig. 4(C). The diﬀraction pattern was fitted by a
single-phase nanosized spinel model. The refined unit cell of
8.4376(3) Å is in good agreement with previously
reported values.42,52 A spinel inversion degree of 0.166(10)
is obtained resulting in the stoichiometric formula,
[Zn0.83Fe0.17]
tet[Zn0.17Fe1.83]
octO4. Zinc ferrite is a normal spinel
in the bulk,31 however, various degrees of inversion between 0
and 0.6 have been reported for nanosized crystallites in the lit-
erature.42,52,53 An average crystallite size of 9.8(1) nm was
obtained from the refined peak profile parameters.
Bond distances and lattice distortion
In general, the relative values of the refined lattice parameters,
a, and nearest neighbour metal to oxygen distances of tetra-
hedrally, d(M8a–O), and octahedrally, d(M16d–O), coordinated
metals (see Table 2) are in accordance with the respective ionic
radii of the transition metals, when taking the obtained spinel
inversion degrees into account (tetrahedral: Mn2+ = 66 pm >
Zn2+ = 60 pm > Co2+ = 58 pm > Ni2+ = 55 pm and octahedral:
Mn2+ = 83 pm > Co2+ = 74.5 pm > Zn2+ = 74 pm > Ni2+ =
69 pm).46 For example, equivalent inversion degrees were
obtained for MnFe2O4 and CoFe2O4, but the shorter d(M8a–O)
and d(M16d–O) of CoFe2O4 are in agreement with the smaller
ionic radius of Co2+ in both coordinations. Nearest neighbour
Fe–O distances of d(Fe8a–O) = 1.90214(8) Å and d(Fe16d–O) =
2.0514(1) Å have been reported for the isostructural Fe3O4 com-
pound (magnetite).54 These values are in good agreement with
the Fe–O–predominant distances of the inverse NiFe2O4 struc-
Fig. 4 NPD patterns of hydrothermally synthesized nanocrystalline (A)
CoFe2O4, (B) NiFe2O4 and (C) ZnFe2O4 and Rietveld ﬁts obtained by
combined reﬁnement of PXRD and NPD data using a constrained struc-
tural model. The red lines indicate the magnetic contributions to the ﬁtted
models. The associated PXRD patterns and ﬁts may be found in the ESI.†
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ture, d(M8a–O) = 1.9031(9) Å, and the almost completely
normal ZnFe2O4 structure, d(M16d–O) = 2.0410(9) Å. Relative
comparison of the NiFe2O4 and ZnFe2O4 structures shows
longer nearest neighbour M–O distances of ZnFe2O4 in both
coordinations. However, a significantly larger diﬀerence is
observed between the tetrahedral distances, since most of the
Zn2+ is tetrahedrally coordinated.
The refined atomic position parameter of oxygen, u, pro-
vides a measure of the level of distortion of the spinel lattice.
In an undistorted lattice u = 14 = 0.250, while u generally is in
the range 0.255–0.260 in real ferrites.31 The refined values of u
in the four nanocrystalline ferrite structures (0.2565(1) < u <
0.2584(1)) are all within the expected range and show only
slight relative variations in lattice distortion.
Metal ion coordination and oxidation state
The X-ray absorption behaviour in the near-edge region is very
sensitive to variations in oxidation state and local coordination
chemistry of the absorbing atom.55 The absorption edges of
many elements exhibit significant shifts in absorption energy
with varying oxidation state, while the post-edge oscillations
contain information about distance and coordination number
of the nearest neighbours. Fig. 5(A) displays the normalized
Fe K-edge XANES spectra of the four nanocrystalline ferrite
samples. The similar position and appearance of the absorp-
tion edges demonstrate similar valence and local structure of
Fe in the samples. The pre-edge features observed just below
the absorption edge arise due to electronic transitions to
empty bound states, i.e. 1s → 3d (quadrupolar) and/or 1s → 4p
(dipolar) metal electronic transitions.56 Fig. 5(B) shows an
enhancement of the 1s → 3d Fe K pre-edge features (indicated
by a dashed black square in Fig. 5(A)) of the four spinel ferrite
samples. The K pre-edge peak intensity is generally large for
tetrahedral coordination and very weak for octahedrally co-
ordinated species.57 Here, NiFe2O4 and ZnFe2O4 have the
highest and lowest pre-edge intensities, indicating more and
fewer tetrahedrally coordinated Fe, respectively. Meanwhile,
MnFe2O4 and CoFe2O4 have very similar pre-edge features of
intermediate intensity. A qualitative evaluation of relative Fe
pre-edge intensities corroborates the spinel inversion degrees
obtained from the structural refinements of the powder
diﬀraction data.
The position of the Fe K pre-edge peak can be used to quan-
titatively evaluate the average oxidation state of Fe in the
sample as its location generally shifts towards higher energy
for higher oxidation states.58 In order to determine the Fe K
pre-edge position of the samples, the contribution of the back-
ground and edge jump to the pre-edge peak was estimated by
a spline interpolation, using ≈10 eV of data immediately
before and after the pre-edge feature, and subtracted from the
pre-edge spectra. The background and white line subtracted
pre-edge peaks were subsequently fitted by a Gaussian func-
tion as shown in Fig. 5(C). In Fig. 5(D), the extracted Fe pre-
edge positions are plotted relative to the Fe2+, 7112(1) eV, and
Fe3+, 7113.5(1) eV model compound average centroid positions
reported by Wilke et al.58 The determined Fe pre-edge position
of MnFe2O4 (7113.50(3) eV), CoFe2O4 (7113.37(2) eV), NiFe2O4
(7113.39(3) eV) and ZnFe2O4 (7113.36(5) eV) confirm an
average iron oxidation state of +3 in all the samples.
The Mn, Co, Ni and Zn K-edge XANES spectra of MnFe2O4,
CoFe2O4, NiFe2O4, and ZnFe2O4, respectively, are shown in
Fig. 5(D). Octahedrally coordinated species generally exhibit
very weak pre-edge features but for tetrahedral coordination
the 1s → 3d pre-edge peak intensity is highly dependent on
the number of electrons occupying the 3d orbital. It is strong
for Mn and decreases gradually for Fe, Co and Ni due to the
progressive filling of the 3d orbitals and is thus completely
Fig. 5 (A) Normalized Fe K-edge XANES spectra of the nanopowder
samples. The spectra have been oﬀset for clarity. (B) Enhancement of
the pre-edge region indicated by a dashed square in (A). (C) Background
+ white line subtracted and normalized pre-edge spectra (circles) ﬁtted
by Gaussian functions (dashed lines). (D) Fitted Fe pre-edge positions of
the spinel ferrite samples relative to the average pre-edge centroid
locations of Fe2+ and Fe3+ model compounds reported by Wilke et al.58
(E) From left to right, normalized Mn, Co, Ni and Zn K-edge XANES
spectra of the MnFe2O4, CoFe2O4, NiFe2O4 and ZnFe2O4 samples,
respectively. The black arrows accentuate the presence of pre-edge fea-
tures in the MnFe2O4 and CoFe2O4 spectra.
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absent for Zn (full 3d orbital).57 As a result, the pre-edge
feature is observed for the disordered MnFe2O4 and CoFe2O4
spinel structures. No pre-edge is seen in the spectrum of
NiFe2O4 confirming the completely inverse spinel structure,
i.e. no tetrahedrally coordinated Ni, which is consistent with
the spinel inversion degrees from the PXRD and NPD
refinements.
Nanostructure, composition and elemental distribution
The TEM images in Fig. 6(A–D) illustrate the isotropic mor-
phology of the hydrothermally synthesized particles. For each
sample, size analysis was carried out by measurement of more
than 500 individual particles, in micrographs collected several
diﬀerent places on the grids, using the software Fiji.59 The
resulting size distributions are shown in Fig. 6(A–D) next to
the associated representative TEM pictures, and a summary of
the obtained microstructural information is given in Table 3.
The obtained histograms were fitted by a lognormal size distri-
bution, from which the mean particle size, DTEM, and standard
deviation, σ, were calculated. The TEM particle sizes are in
good agreement with the crystallite sizes obtained from the
line profile analyses of the PXRD and NPD data, DPXRD+NPD.
For MnFe2O4 a relatively large particle size distribution, 11.1 ±
6.9 nm, is seen, which is consistent with the distinctive peak
profile observed in the powder diﬀraction data, which required
the implementation of a two-phase model in the refinement.
The TEM data shows that the powder consists of a single con-
tinuous distribution of particle sizes, thus it is more meaning-
ful to compare to the mean crystallite size of 13.4(3) nm. The
CoFe2O4 sample has a somewhat narrower particle size distri-
bution, 11.9 ± 4.1 nm, which is consistent with our previous
studies of CoFe2O4 using the same synthesis procedure.
30
The NiFe2O4 sample was found to exhibit a clear bimodal
size distribution as shown in Fig. 6(C). This is consistent with
the observed peak shapes in the powder diﬀraction data where
implementation of a two-phase model was necessary in order
to describe the line profiles. The obtained crystallite sizes of
the two phases from the Rietveld refinement, 3.3(1) nm and
41.4(3) nm, are in relatively good agreement with the mean
particle sizes found from the lognormal fits, 5.0 ± 1.5 nm and
53 ± 21 nm. The largest NiFe2O4 particles (>40 nm) exhibit
sharper, cubic/monoclinic-like shapes, which could indicate a
size dependent morphology of the crystallites. Furthermore, in
some of the TEM micrographs a few very broad (≈100 nm) and
thin particles of hexagonal platelet-like morphology were seen
(see dashed white square in Fig. 6(C)), which were identified to
be Ni(OH)2 particles by STEM-EDS elemental mapping (see
ESI†). The large hexagonal Ni(OH)2 platelets were not included
in the measurements of TEM particle sizes. The ZnFe2O4
sample exhibits a much narrower size distribution, 9.9 ±
2.4 nm, compared to the other samples. This is likely related
Fig. 6 Representative TEM micrographs (left) and associated size ana-
lyses (right) of the hydrothermally prepared (A) MnFe2O4, (B) CoFe2O4,
(C) NiFe2O4 and (D) ZnFe2O4 nanoparticles. The histograms have been
ﬁtted by the lognormal size distributions shown by dashed black lines.
The dashed white line in (C) highlights a Ni(OH)2 hexagonal nanoplate-
let. Additional TEM images may be found in the ESI.†
Table 3 Selected microstructural information including mean crystallite size, DPXRD+NPD, ﬁtted lognormal mean particle size and standard deviation,
DTEM ± σ, and elemental compositions obtained from quantitative analysis of energy dispersive X-ray spectra of the spinel ferrite nanoparticles
Sample Phases DPXRD+NPD (nm) DTEM ± σ (nm) Mat% (%) Feat% (%) Oat% (%) Mat%/Feat%
MnFe2O4 13.4(3) 11.1(1) ± 6.9(9) 11.8(11) 23.0(22) 65.3(61) 0.51(7)
CoFe2O4 13.4(1) 11.9(1) ± 4.1(7) 11.4(12) 21.4(21) 67.2(64) 0.53(7)
NiFe2O4 NFO1 3.3(1) 5.0(1) ± 1.5(7) 11.6(11) 23.6(22) 64.9(61) 0.49(7)
NFO2 41.4(3) 53(4) ± 21(1)
ZnFe2O4 9.8(1) 9.9(1) ± 2.4(7) 11.3(11) 21.1(20) 67.6(63) 0.53(7)
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to the larger heating rate and shorter reaction time used in the
supercritical hydrothermal flow method employed in the
preparation of this sample as illustrated for γ-Fe2O3 and
CoFe2O4 in our previous studies.
26,27,30
HR-TEM measurements were performed in order to investi-
gate the crystallinity of the produced nanoparticles. Selected
representative HR-TEM images of the spinel ferrite nano-
particles are shown in Fig. 7A–D. Notably, a high degree of
nanoparticle crystallinity is observed for all four samples, as
illustrated by the fast Fourier transforms of selected regions
shown in the inserts.
STEM-EDS experiments were carried out in order to investi-
gate the elemental composition and homogeneity of the nano-
particles. Fig. 8(A) shows a representative STEM-HAADF micro-
graph of MnFe2O4 nanoparticles and associated elemental
maps of Mn, Fe and O in the same region. Fig. 8(B) shows the
obtained EDS spectrum from the analysed area.
Corresponding STEM images, elemental maps and EDS-
spectra of CoFe2O4, NiFe2O4 and ZnFe2O4 may be found in the
ESI.† In general, a very homogeneous elemental distribution
between and within the nanoparticles is observed in all of the
samples. Slight deviations are only found in the NiFe2O4
sample in which a small number of Ni(OH)2 nanoplatelets are
seen as Fe-deficient regions.
The elemental compositions of the samples were character-
ized by quantitative analysis of the obtained EDS spectra using
the Bruker ESPRIT software suite. Initially, the Bremsstrahlung
contribution to the background was subtracted followed by
determination of relative atomic percentages by fitting of the
peak intensities of the characteristic X-ray lines in the spectra.
The results of the EDS quantitative analysis are summarized in
Table 3. The contributions from Cu and C from the TEM grids
were deconvoluted in the fits and excluded from the analysis,
but a substantial oxygen background signal is also present in
the spectra, which cannot be discerned from the oxygen signal
of the sample. Consequently, the determined oxygen atomic
percentages are not representative of the actual sample oxygen
content. However, the obtained transition metal to iron atomic
percentage ratios, Mat%/Feat%, of 0.51(7), 0.53(7), 0.49(7) and
0.53(7) of MnFe2O4, CoFe2O4, NiFe2O4 and ZnFe2O4, respect-
ively, verify the targeted 1 : 2 spinel ferrite stoichiometry.
Magnetic structure and properties
The diﬀerent 3d transition metals carry significantly diﬀerent
atomic moments due to their varying amounts of unpaired 3d
electrons. The relative magnitudes of their spin moments at
0 K assuming high-spin electron configuration is; Mn2+ (5 µB) =
Fig. 7 Representative HR-TEM images of (A) MnFe2O4, (B) CoFe2O4, (C)
NiFe2O4 and (D) ZnFe2O4 nanocrystallites. The inserts in the images are
fast Fourier transforms of the outlined regions illustrating the crystallinity
of the particles. Enlarged views of the images and additional HR-TEM
images may be found in the ESI.†
Fig. 8 (A) STEM-HAADF image of aggregation of MnFe2O4 nano-
particles and elemental maps of the distribution of Mn, Fe and O,
respectively. (B) Bremsstrahlung subtracted energy-dispersive X-ray
spectrum of MnFe2O4 from the region shown in (A). The ﬁtted peak
proﬁles are shown by a dashed black line and the characteristic X-ray
lines have been marked by the associated element and electronic
transition.
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Fe3+ (5 µB) > Co
2+ (3 µB) > Ni
2+ (2 µB) > Zn
2+ (0 µB). The orbit
moment contribution to the total spin–orbit moment is mostly
negligible due to crystal-field quenching in the 3d transition
metal structures.60 The intrinsic magnetic properties of spinel
ferrites, [M2+1−xFe
3+
x]
tet[M2+xFe
3+
2−x]
octO4, are thus directly gov-
erned by the type of cation, M2+, and the inversion degree, x.
The diﬀerences in magnetic structure caused by the type
and distribution of cations can be characterized by neutron
diﬀraction, as neutrons carry a spin, which can scatter from
the atomic magnetic moments in the structure. This is illus-
trated in Fig. 3(B) and 4(A–C), where a gradual decrease in the
intensity of the main magnetic 〈111〉 peak at low q is observed.
This is consistent with the relative spin moment magnitudes
of the constituent M2+ cations.
In the Rietveld refinements of the present NPD data, the
magnetic structure was described by a collinear model, with
antiparallel moments on the tetrahedral and octahedral sites.
The Cartesian magnetic moment components were refined as
mean values on the tetrahedral, µtet, and octahedral sites, µoct,
respectively. The magnetic easy axis in a cubic lattice is deter-
mined by the value of the material specific and temperature
dependent magnetocrystalline anisotropy constant. In theory,
the magnetic easy axis of a cubic structure is along the 〈100〉
direction for materials with positive anisotropy (hard
magnets), and along the 〈111〉 direction for materials with
negative anisotropy (soft magnets).31 This in eﬀect means that
CoFe2O4 at room temperature has an easy magnetization axes
along 〈100〉, while the easy axes of MnFe2O4, NiFe2O4 and
ZnFe2O4 are along the 〈111〉 crystallographic direction, as illus-
trated in Fig. 9(A).6,61 However, analysis of powder neutron
diﬀraction data does not allow discrimination between the two
axis options in cubic structures,62 i.e. changing the direction
of the refined Cartesian magnetic moment components,
between 〈100〉 and 〈111〉 produces no diﬀerence in the
obtained fit quality and refined magnetic moment
magnitudes.
The magnitudes of the moments and estimated saturation
magnetization from neutron powder diﬀraction, Msat,NPD,
based on the refined moments and inversion degrees, are
given in Table 4. As expected from the matching electron con-
figurations of Mn2+ and Fe3+ ([Ar]3d5), almost equal magnetic
moments, µtet = 3.76(5) µB and µoct = 3.57(5) µB (Δµ = 0.18(10) µB),
were refined on the tetrahedral and octahedral sites in the
MnFe2O4 structure. Similarly, comparable moments, µtet =
3.50(5) µB and µoct = 3.24(4) µB (Δµ = 0.26(9) µB), were obtained
for CoFe2O4, which is consistent with the stoichiometric
refined atomic occupation fractions of Co2+ and Fe3+ on the
two sites, x = 0.660(6). For NiFe2O4 a significantly larger
diﬀerence (Δµ = 0.82(14) µB) between the refined mean
moments on the two sites, was obtained. This diﬀerence is in
agreement with the 100% inverse spinel structure of the
NiFe2O4 crystal structure, which implies a reduced moment on
the Ni2+ rich octahedral site. For ZnFe2O4, the combination of
an almost completely normal spinel structure, x = 0.166(10),
i.e. the majority of Zn2+ located at the tetrahedral site, and zero
spin moment of the Zn2+ ion could at first impression be
expected to yield a highly optimized intrinsic magnetic per-
formance. However, an almost non-existing magnetic contri-
bution to the NPD pattern is observed for the ZnFe2O4 sample
(see Fig. 4(C)), which denotes nearly absent long-range mag-
netic order in the structure. The ferrimagnetic ordering in the
spinel structure is propagated via an antiferromagnetic super-
exchange coupling between the tetrahedral and octahedral
sublattice spins. However, the divalent Zn2+ ions, which
occupy the majority of the tetrahedral sites in the ZnFe2O4
spinel structure, have a full 3d-orbital ([Ar]3d10 configuration)
and thus carries no spin–orbit moment. As a result, the octa-
hedral Fe3+ moments are known to couple antiferromagneti-
cally instead.31 However, in the present ZnFe2O4 NPD data, no
magnetic peaks related to the antiferromagnetic coupling of
Fig. 9 (A) Reﬁned crystal and magnetic structures of the MnFe2O4,
CoFe2O4, NiFe2O4 and ZnFe2O4 ferrite nanocrystallites. The green and
blue arrows indicate the relative magnitudes and orientations of the
magnetic moment components on tetrahedral and octahedral sites,
respectively, which have been reﬁned along the 〈100〉 crystallographic
axis for CoFe2O4 and along the 〈111〉 direction for MnFe2O4, NiFe2O4
and ZnFe2O4. The magnetic vector magnitude of ZnFe2O4 has been
scaled by ×4 for clarity. The reﬁned atomic site occupation fractions of
M2+ (white) and Fe3+ (black) are illustrated on the spheres. The illus-
trations are made in VESTA.33 (B) Room temperature ﬁeld dependent
magnetization curves of the nanopowders. The insert emphasizes the
coercive ﬁeld of the CoFe2O4 sample and absence of any signiﬁcant
hysteresis in the three soft ferrite samples.
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octahedral iron spins are present,63 and only a very low signal
from the magnetic structure is observed. In the refinement of
the weak ZnFe2O4 magnetic structure, it was necessary to con-
strain the tetrahedral and octahedral moments to be equal to
avoid divergence and unphysical values. A small average
moment of 0.6(2) µB was obtained, which can be ascribed to a
slight magnetic order induced by the low amount of tetra-
hedral Fe3+.
Overall, a gradual decrease in the refined moment magni-
tudes and consequently a reduction in the calculated satur-
ation magnetizations, Msat,NPD, is observed, as follows:
MnFe2O4 (82(3) Am
2 kg−1) > CoFe2O4 (71(2) Am
2 kg−1) >
NiFe2O4 (50(3) Am
2 kg−1) > ZnFe2O4 (14(10) Am
2 kg−1). This is
in agreement with the reduction in average spin moments of
the constituent ionic M2+ species.
The measured room temperature field dependent magneti-
zation curves of the hydrothermally synthesized ferrite nano-
powders are shown in Fig. 9(B) and the extracted magnetic pro-
perties are summarized in Table 4 (the NiFe2O4 data has been
corrected for the 5(1) wt% non-magnetic Ni(OH)2 content).
The saturation magnetizations, Msat,VSM, obtained using vibrat-
ing sample magnometry were determined by extrapolation
using the law of approach to saturation.64 Crystallites with
sizes in the magnetic single-domain regime should intuitively
have an inherently maximized volumetric magnetization.
However, a reduced saturation magnetization is often observed
for small nanocrystallites, which is generally ascribed to
surface spin disorder, reduced crystallinity or structural
defects.65–67 In the present study, a good agreement between
the saturation magnetizations predicted from the structural
refinements, Msat,NPD, and the measured macroscopic mag-
netic saturation, Msat,VSM, is observed for CoFe2O4, NiFe2O4
and ZnFe2O4. Only the MnFe2O4 sample shows a significant
discrepancy of 22(3) Am2 kg−1 between the determined Msat,NPD
and Msat,VSM. The room temperature saturation magnetizations
of the bulk ferrimagnetic ferrite compounds are generally
well-established, i.e. MnFe2O4 (83 Am
2 kg−1), CoFe2O4
(75 Am2 kg−1), and NiFe2O4 (50 Am
2 kg−1).6,31 However, in the
literature, hugely varying saturation magnetizations, such as
35 Am2 kg−1 (5.0 nm, 300 K),44 48.6 Am2 kg−1 (12 nm, 300 K)68
and up to 125 Am2 kg−1 (15 nm, 300 K)9 of MnFe2O4 nano-
particles, are reported. The same goes for CoFe2O4, where
Msat,VSM values of e.g. 11 Am
2 kg−1 (7.2 nm, 300 K)69 and as
high as 130 Am2 kg−1 (5.5 nm, 10 K)70 have been reported for
nanoparticles in the same size range. The measured values of
60.5(1) Am2 kg−1 and 72.7(2) Am2 kg−1, for our MnFe2O4 and
CoFe2O4 nanoparticles, thus lie well within their respective
expected ranges. Similar observations may be made for the
NiFe2O4, Msat,VSM = 47.1(1) Am
2 kg−1, and ZnFe2O4, Msat,VSM =
10.8(1) Am2 kg−1, samples.
As expected, only the CoFe2O4 sample exhibits a consider-
able magnetic hysteresis at room temperature with a rema-
nence, Mr, of 15.1(2) Am
2 kg−1 and a coercive field, Hc, of
60.1(7) kA m−1. As was the case for magnetic saturation values,
substantial diﬀerences in reported coercivities for CoFe2O4
nanoparticles are also seen in the literature. The coercive field
of hard magnetic nanoparticles is, however, highly dependent
on their particle size and size distribution, as a percentage of
particles in the sample may be below the superparamagnetic
blocking temperature. The MnFe2O4 and NiFe2O4 samples
exhibit typical soft ferrimagnetic hysteresis curves, while
ZnFe2O4 shows nearly paramagnetic response when subjected
to an external magnetic field in accordance with the reduced
long-range magnetic order observed in the NPD data.
Conclusions
The macroscopic performances of magnetic materials are
inherently rooted in their atomic structure. Understanding the
crystal structure is thus essential for predicting, designing and
tailoring magnetic materials with specific or optimized pro-
perties. For spinel ferrites in particular, the choice of divalent
cation and its distribution between the tetrahedral and octa-
hedral sites directly determines their magnetic behaviour.
In the present study, the crystal-, magnetic- and micro-
structures of four diﬀerent types of hydrothermally synthesized
ferrite nanopowders, MnFe2O4, CoFe2O4, NiFe2O4 and
ZnFe2O4, have been meticulously characterized. Analyses of
EDS and XANES data reveal the ferrites to have the desired
stoichiometries with divalent M and trivalent Fe ions.
Combined Rietveld refinement of a constrained structural
model to fluorescence suppressed PXRD and high-resolution
NPD data reveals significant diﬀerences in the aﬃnities of the
divalent cations for the two crystallographic sites in the struc-
tures of the nanocrystallites compared to the bulk single
crystal structures. MnFe2O4 and CoFe2O4 adopt a disordered
spinel structure, while ZnFe2O4 exhibits a 17% inversion
degree. Only the NiFe2O4 nanocrystalline sample has the
typical 100% inverse spinel structure seen in the bulk.
Refinement of a magnetic structural model to the NPD data
coupled with measurement of macroscopic magnetic pro-
Table 4 Summary of magnetic structure and properties. Reﬁned Cartesian magnetic moment component magnitudes on the tetrahedral (µtet) and
octahedral (µoct) sites, estimated saturation magnetization from the reﬁned crystallographic moments (Msat,NPD) and measured macroscopic mag-
netic properties; saturation magnetization (Msat,VSM), remanence (Mr), and coercive ﬁeld (Hc) at 300 K
Sample µtet (µB) µoct (µB) Msat,NPD (Am
2 kg−1) Msat,VSM (Am
2 kg−1) Mr (Am
2 kg−1) Hc (kA m
−1)
MnFe2O4 3.76(5) 3.57(5) 82(3) 60.5(1) 0.3(2) 1.58(5)
CoFe2O4 3.50(5) 3.24(4) 71(2) 72.7(2) 15.1(2) 60.1(7)
NiFe2O4 3.72(8) 2.90(6) 50(3) 47.1(1) 2.0(1) 4.9(2)
ZnFe2O4 0.6(2) 0.6(2) 14(10) 10.8(1) 0.006(4) 0.59(3)
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perties, illustrates how the distinct magnetic natures of the
M2+ ions and their distribution in the spinel structure directly
alter the magnetic ordering in the crystallites and conse-
quently the macroscopic magnetic properties of the materials.
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